Background. This study was designed to assess the effects of a modified cardiopulmonary resuscitation (CPR) technique that consists of both active compression and active decompression of the chest (ACD CPR) versus standard CPR (STD CPR) on myocardial and cerebral blood flow during ventricular fibrillation both before and after epinephrine administration.
Methods

Surgical Preparation
This study was performed on 14 healthy domestic pigs of body weight between 24 and 25 kg and 10 to 12 weeks of age and was approved by our institutional animal investigation committee. The animals were managed in accordance with the guidelines of the American Physiological Society. Before surgery they were all fasted overnight but had free access to water.
The pigs were premedicated with azaperon (4 mg/kg IM) 1 hour before surgery. Anesthesia was induced with 10 mg/kg metomidate given via an ear vein. The pigs were then fixed in the dorsal recumbent position, and their tracheas were intubated during spontaneous respiration. They were ventilated with a Servo ventilator 900 (Servo, Siemens, Erlangen, Germany) with 65% nitrous oxide in oxygen at 20 breaths per minute and with a tidal volume adjusted to maintain the median arterial Pco2 at 35 mm Hg. Anesthesia was maintained using a continuous intravenous infusion of metomidate (0.5 mg . kg.* h-') and a single dose of buprenorphine (0.03 mg/kg). Ringer's solution (6 mL* kg.* h-') was administered continuously throughout the preparation and study periods using an infusion pump (Infusomat, Braun, Melsungen, Germany). A standard lead II ECG was used to monitor cardiac rhythm.
For monitoring of blood pressure and withdrawal of blood samples, two 7F catheters were advanced by femoral cutdown into the descending aorta. Reference blood samples for measurement of organ blood flow were withdrawn from a SF catheter placed in the descending aorta by femoral cutdown. A separate SF catheter was placed into the right atrium for epinephrine administration. A 7F pigtail catheter with multiple distal side ports used to inject radionuclide microspheres was placed under pressure control via femoral cutdown into the left ventricle. For sampling of cerebral venous blood and measurement of sagittal sinus pressure, a burr hole was drilled into the skull over the midline and a catheter was passed into the sagittal sinus so that the tip was 1.5 cm anterior to the confluence of the sinus. For the measurement of body temperature, a thermistor was placed via femoral artery cutdown into the abdominal aorta. Body temperature was recorded from this catheter (blood temperature) and maintained between 37.5 and 38.50C using a heating pad. To prevent obstruction, all catheters were pressure-flushed with saline containing 5 U heparin/mL at a rate of 3 mL/h (Intraflo II, Abbott Laboratories, North Chicago, Ill) during the preparation phase. After completion of surgery and before induction of cardiac arrest, 300 U/kg sodium heparin was administered intravenously to prevent intracardiac clot formation. All animals were autopsied to check correct positioning of the catheters and to look for damage to Dyna- sciences, Huntington Beach, Calif) was used to measure tidal volume. Accuracy of measurement was below 0.2% in the range between 0 to 5%. The sample manifold of the analyzer was attached to the proximal end of the endotracheal tube using a side-port connector. Gas was withdrawn at a rate of 200 mL/min.
Before and at 90 seconds and 5 minutes after epinephrine administration during CPR, organ blood flow was measured with radiolabeled microspheres according to the technique described by Heymann et al.14 Radioactively labeled microspheres '41Ce, 95Nb, or 103Ru (New England Nuclear, Dreieich, Germany) had a mean diameter of 15±1.5 ,um and a specific activity of 10 mCi/g. Each microsphere vial was placed in a water bath and subjected to ultrasonic vibration for 1 minute before injection. Approximately 5x105 microspheres diluted in 10 mL saline were then immediately injected into the left ventricle. Using an automatic pump (Perfusor, Braun, Melsungen, Germany), arterial blood was continuously withdrawn from the descending aorta at a rate of 9.9 mL/min from 10 seconds before to 80 seconds after microsphere injection. At the end of the experiment, the entire heart and cerebrum were removed. The left ventricular free wall was sectioned into three layers. During the period of the initial 30 seconds of arrest, the animals were allocated to STD CPR or ACD CPR using random numbers. After 5 minutes of either STD or ACD CPR, all animals received epinephrine 0.2 mg/kg in a 10-mL volume of normal saline, administered via the right atrial catheter over a period of 5 seconds. Hemodynamic measurement variables and acquisition of aortic and sagittal sinus blood samples were performed before induction of ventricular fibrillation, before epinephrine administration (ie, during 5.5-minute period after induction of cardiocirculatory arrest), and at 90 seconds and 5 minutes after epinephrine administration.
Immediately after acquiring the last blood sample during CPR (ie, after a total of 10.5 minutes of arrest, including 10 minutes of CPR), we attempted to restore spontaneous circulation with direct current shocks. The time needed for resumption of spontaneous circulation was measured beginning at that point in time. Three direct current countershocks were initially administered in rapid succession at an energy setting of 3 J/kg. If ventricular fibrillation or ventricular tachycardia persisted, epinephrine was administered at the same dose as described above. The same method of either STD or ACD CPR was reinitiated for an additional 90 seconds.
Three direct current shocks (5 J/kg) were again delivered in rapid sequence. The same protocol (without defibrillation) was used if asystole or electromechanical dissociation developed. Successful resuscitation was defined as the presence of coordinated electrical activity, a systolic blood pressure over 90 mm Hg, and a diastolic blood pressure over 40 mm Hg for the duration of at least 5 minutes, during which no further resuscitative measures were applied.
Statistical Analysis
Values are expressed as median, minimum, and maximum. All data were stored on a computer system (Hewlett Packard 9000, type 300). Because the variance of some measurements differed considerably between the two groups and the assumption of approximate normality of the sample distribution was not satisfied despite logarithmic transformation of the data, the Mann-Whitney U test (two-tailed) was used to determine differences between the groups. For multiple comparisons within one group, the Bonferroni method was applied. The Wilcoxon signed ranks test was used to determine differences during CPR before and at 90 seconds after epinephrine administration. For investigation of correlations between single parameters, the distribution-free rank correlation coefficient of Spearman (r2) and the test for the correlation of not normally distributed data were used. Statistical significance was considered to be at the P<.05 level.
Results
Before induction of ventricular fibrillation, there were no differences in hemodynamic, gas transport, organ blood flow, or acid-base variables between animals in the STD and ACD CPR groups (Tables 1 through 6 ). After removal of the final blood sample during CPR (ie, after a total of 10.5 minutes of arrest, including 10 minutes of CPR), direct current shocks were delivered and spontaneous circulation was restored within 15 (3 to 240) seconds in the STD CPR group and within 10 (3 to 20) seconds in the ACD CPR group (nonsignificant). Two animals in the STD CPR group each required an additional injection of epinephrine. Autopsy revealed no damage to the thoracic cage or the internal organs in either group. End-Tidal CO2 End-tidal C02, which correlates closely with cardiac output, decreased from a prearrest value of 4.1% (3.7% to 4.4%) in the STD CPR group and from 4.0% (3.7% to 4.3%) in the ACD CPR group to approximately 0.1% in all animals (Fig 1) immediately after induction of ventricular fibrillation but before initiation of mechanical measures. During CPR but before epinephrine administration, the end-tidal CO2 was 1.4% (0.8% to 1.8%) in the STD CPR group and 2.1% (1.8% to 2.4%) in the ACD CPR group (P<.01) (Fig 1) . Ninety seconds and 5 minutes after epinephrine administration, endtidal CO2 in the STD CPR-treated pigs was 0.9% (0.3% to 1.4%) and 1.0% (0.6% to 1.4%), respectively, and in the ACD CPR-treated animals 1.2% (0.6% to 1.6%) and 1.7% (1.1% to 2.2%) (intergroup comparisons, P=NS at 90 seconds and P<.05 at 5 minutes). Ninety seconds after epinephrine, end-tidal CO2 decreased significantly (P<.05) when compared with values before epinephrine during CPR.
Heart
Systolic and diastolic aortic pressures as well as systolic and diastolic coronary perfusion pressures were During CPR but before epinephrine administration, total myocardial blood flow was 14 (7 to 30) mL* min'* 100 g`in the STD CPR group and 30 (9 to 46) mL * min1* 100 g1 in the ACD CPR group (P<.05) (Fig 3) . Ninety seconds and 5 minutes after epineph- (Table 2 ). Since ACD CPR increased endocardial blood flow more than epicardial blood flow, the endocardial/epicardial blood flow ratio was significantly higher in this group compared with the STD CPR group before epinephrine administration. Ninety seconds after epinephrine, epicardial and endocardial blood flow was significantly higher in both the STD and ACD groups. At the time of the maximum effect of epinephrine, there was no significant difference in regional left ventricular myocardial blood flow between the two groups. However, at 5 minutes after the epinephrine infusion, when its effects were waning, a significant difference in endocardial blood flow was again present. Brain
The sagittal sinus pressure of both groups was similar throughout the entire experiment (Table 3) . However, cerebral perfusion pressure (mean aortic pressure minus mean sagittal sinus pressure) during CPR but before epinephrine administration was significantly higher with ACD CPR compared with STD CPR. Immediately after epinephrine, there was no significant difference between the groups and cerebral perfusion pressure increased significantly in both groups with epinephrine. As the effects of epinephrine decreased over time, cerebral perfusion pressure was again increased in the ACD CPR group. The total cerebral blood flow achieved with ACD CPR was also significantly higher than with STD CPR before epinephrine administration (Fig 4) . Ninety seconds after epinephrine, total cerebral blood flow increased significantly (P<.05) in both groups. However, at 5 minutes after epinephrine, a significant difference was again present in favor of the ACD CPR group. Blood flow to the frontal and parietal lobe of the cerebral cortex, the diencephalon, the rhombencephalon, and medulla reflected the total cerebral blood flow at all points of observation (Table 3) . Before epinephrine administration, cerebral oxygen delivery and cerebral oxygen uptake were significantly higher in the ACD CPR group (Table 4 ). There were no significant differences in Arteriosagittal sinus lactate gradient (mmol/L)
3) Values are median, minimum, and maximum of seven measurements in both the standard (STD CPR) and active compressiondecompression (ACD CPR) cardiopulmonary resuscitation groups; epi indicates epinephrine. shown in Tables 5 and 6 . During both STD and ACD CPR, no significant differences were found in arterial pH, arterial Pco2, arterial hematocrit, or arterial lactate concentrations between the two groups ( Table 5 ). The significantly higher sagittal sinus pH and lower sagittal sinus Pco2 in the ACD CPR group before epinephrine administration is in agreement with the higher cerebral blood flow in this group (Table 6 ). At this point in time, the arteriosagittal sinus Pco2 gradient was significantly lower in the ACD CPR group than in the STD CPR group. After epinephrine administration, no significant differences were found between the two groups. Discussion This study demonstrates that in pigs subjected to a 30-second period of ventricular fibrillation, the use of ACD CPR significantly increases end-tidal CO2 as well as myocardial and cerebral blood flow when compared with STD CPR. With this technique, we were able to observe an improvement not only of epicardial and endocardial blood flow but also of the endocardial/ epicardial blood flow ratio. Coronary perfusion pressure, measured during both compression and decompression, increased significantly with ACD CPR compared with STD CPR. Consistent with the higher cerebral blood flow, the sagittal sinus Pco2 concentration and the arteriosagittal sinus Pco2 gradient were significantly lower in the ACD CPR group as compared with the STD CPR group. After administration of high-dose epinephrine, hemodynamic variables improved in both STD and ACD CPR groups such that no significant differences were observed between groups. Cerebral oxygen extraction ratio is approximately 40% to 50% under normal hemodynamic conditions.31 '32 In our study, it was at the lower end of this range. This may be secondary to the type and depth of anesthesia used. Before epinephrine administration, cerebral oxygen delivery and cerebral oxygen uptake were significantly higher in the ACD CPR group than in the STD CPR group. In the STD CPR group before epinephrine administration, median oxygen extraction ratio was only 45%, indicating a metabolic depression during a low blood flow state as also observed in the acute phase of brain injury. [33] [34] [35] In contrast, during ACD CPR, cerebral oxygen delivery and cerebral oxygen uptake were significantly higher, indicating an improvement in cerebral metabolism.
There is a considerable Pco2 gradient between arterial and organ venous blood during CPR. [36] [37] [38] [39] This applies particularly to the difference between arterial and both myocardial and cerebral venous blood.25 Consistent with the higher cerebral blood flow in the ACD CPR group before epinephrine administration in this study, sagittal sinus Pco2 was significantly lower and sagittal sinus pH significantly higher than in the STD CPR group.
The mechanisms by which ACD CPR improves endtidal CO2 and myocardial and cerebral blood flow remain speculative.9 Results obtained in patients using transesophageal Doppler echocardiography imaging during ACD CPR using a hand-held suction device10 support the theory that the active decompression phase succeeds in generating a negative intrathoracic pressure between compressions and so leads to an improved blood flow through the right ventricle and into the pulmonary vasculature. 40 The current study is the first one to quantitatively demonstrate that blood flow to vital organs is improved with ACD CPR compared with standard techniques. Analysis of the pressure tracings suggests that coronary perfusion is present during both compression and active decompression. Further studies are likely to elucidate underlying mechanisms.
Study Limitations
There are a number of potential limitations of this study. We only assessed the short-term effects of ACD CPR versus STD CPR on regional blood flow and did not investigate the effects of this technique on long-term survival or neurological outcome. Prearrest blood flow was not measured in this study because of limitations posed by the regulations of our radiation control committee. In former investigations using the same model, prearrest total myocardial and cerebral blood flow was on average 193 and 48 mL. min'-100 g-1.41,42 Finally, in order to see whether there is also a difference between these two techniques after epinephrine administration, we deliberately chose the 0.2 mg/kg dose, which might achieve the highest flows2 in the pig model. These results only apply to pigs, however, and we do not know whether there would have been a difference between STD and ACD CPR after administration of 0.015 mg/kg epinephrine, the dose currently used for patients.
Conclusions
These results demonstrate that ACD CPR improves myocardial and cerebral blood flow in comparison with STD CPR. End-tidal CO2 was 50% higher with ACD CPR, indicating a corresponding change in cardiac output. By improving cerebral blood flow, the arteriosagittal Pco2 gradient was significantly lower with the new technique. After administration of high-dose epinephrine, all hemodynamic and organ perfusion parameters increased significantly and thereby masked the differences observed without vasopressor therapy at 5 minutes. We could no longer find any significant differences between the two CPR techniques because all hemodynamic parameters increased in both groups. However, as the epinephrine effects diminished, significant improvement in organ perfusion and other hemodynamic parameters was again evident when ACD CPR was compared with STD CPR. Since ACD CPR can be performed with a simple hand-held device, it may be a valuable alternative to STD CPR, in particular when only basic life support measures can be performed.
